One particularly promising component of personalized medicine in cancer treatment is targeted therapy, which aims to maximize therapeutic efficacy while minimizing toxicity. However, the number of approved targeted agents remains limited. Expression microarray data for different types of cancer are resources to identify genes that were upregulated. The genes are candidate targets for cancer-targeting agents for future anticancer research and targeted treatments.
Introduction
Cancer is a leading cause of death worldwide, and it is estimated that approximately 15 cancer deaths occur every minute. 1 Conventional chemotherapy is still ineffective for many types of cancer, due to heterogeneity among cancer clones and patient genotypes. 2 Therefore, the development of personalized medicine will be an important aspect of anticancer treatment in the 21st century. 3 One very promising aspect of personalized medicine is its facilitation of targeted therapy, the goal of which is to maximize therapeutic efficacy while minimizing toxicity by specifically antagonizing cancerrelated molecules. 2 An example of targeted therapy, trastuzumab, has proven very effective in treating HER2-dependent breast cancer in several clinical trials. [4] [5] [6] The side effects of trastuzumab are much less frequent than those of conventional chemotherapy. 4 This drug specifically targets the juxtamembrane portion of the extracellular domain of the HER-2 (ERBB2) receptor, thereby preventing the activation of its intracellular tyrosine kinase. 4, 7 The US Food and Drug Administration (FDA) has approved trastuzumab for the treatment of metastatic HER2-positive breast cancer. 4 Another example of targeted therapy, imatinib mesylate, has been shown to be a very safe and efficacious treatment for chronic myeloid leukemia (CML) and gastrointestinal stromal tumor (GIST). 5, 8 This drug explicitly inhibits the active fusion product from the Philadelphia (Ph) chromosome of CML and c-kit (CD117), which is overexpressed in GIST, thereby prohibiting the intracellular tyrosine kinase cascade. 9 Consequently, the FDA has approved imatinib mesylate for the treatment of CML and GIST. 5 However, only a limited number of targeted treatment agents have been developed to date. Only approximately 50 FDA-approved antineoplastic drugs have been introduced, such that many types of cancers still lack targeted therapies.
Currently, many lines of research are focused on identifying novel target/inhibitor pairs for different types of cancers. Several anticancer protein inhibitors, such as perifosine (an AKT inhibitor) and tipifarnib (an RAS and Wnt inhibitor), are currently undergoing clinical trials to investigate their potential as antineoplastic drugs. 10, 11 Typically, it takes an average of 7 years for these drugs to be approved after they undergo evaluation in clinical trials. 12 Therefore, it has been suggested that drugs for incurable diseases should be subjected to an accelerated approval process that allows their use immediately after phase I or II clinical trials. 12 Another group of protein inhibitors includes FDA-approved drugs that are used to treat nonneoplastic diseases, such as inhibitors of cyclooxygenase-2 (COX2) and 3-hydroxy-3-methylglutarylCoA reductase (HMGCR). [13] [14] [15] [16] At present, there is limited information about whether drugs from this group have potential uses as anticancer treatments. Finally, there is a large group of chemical agents that are used for in vitro research and which may or may not have antineoplastic properties.
The field of targeted therapy is still in its infancy, and scientists are just beginning to understand more about the cancer genome. Advances in the field of targeted therapy are inevitable because of the improvements in high-throughput technologies, such as whole-genome sequencing and array-based gene expression profiling. 2 The Gene Expression Omnibus (GEO) is a repository of high-throughput gene expression data for various types of cancer and thus a potential source of information for identifying genes that are upregulated in different types of cancer. 17, 18 This information might be a key to discovering novel protein inhibitors for anticancer treatment.
Here, we collected information from the GEO DataSets for different types of cancers and performed comprehensive analyses to identify upregulated genes. These analyses confirmed the correlation between gene expression profiles and currently approved treatments and suggest novel uses for currently available protein inhibitors in future anticancer research and targeted treatments.
Methods

Data collection and template preparation
Expression microarray data for normal cells and cancer cells were obtained from the GEO repository 17, 18 using different cancer types as search keywords. GEO series (GSE) records were included only if they contained expression array data for both cancer and normal cells. Subsequently, all GSE records were downloaded for template preparation. In this study, we obtained 51 series records (2,141 expression microarrays) for 48 different types of cancer. Two of our records consisted of primary cell cultures and subcutaneous xenograft tumor tissue as the sources of specimens, whereas all of the other records consisted of specimens collected from patients. The primary cell cultures and subcutaneous xenograft tumor tissue have been proven to exhibit typical cancer gene expression of their types, while also decreasing contamination of normal tissues. 19, 20 These GSE data were organized into 78 experimental groups because some records encompassed several types of cancer. In the template preparation process, the cancer expression microarrays were defined as the 'experiments', whereas normal cell samples were defined as the 'controls'. Supplementary Table 1 shows how we classified the GSE records into 78 experimental groups and includes the GEO accession and platform numbers, the organ and cancer types, and the sources of specimens.
Classification of protein inhibitors
The protein inhibitors were found by searching journal articles, 5 
Statistical analysis
Using the prepared templates of expression microarray data and platforms, a two-tailed Student's t-test was used to compare the mean expression levels in the experiments (cancer cells) and controls (normal cells) for each experimental group. Statistical significance was set at P , 0.01 in every experiment unless otherwise stated. Paired t-tests were used for three of our experimental groups shown in Supplementary  Table 1 , where the normal and cancer specimens were collected from the same patient. The genes for which the mRNA levels were expressed at significantly higher levels in the experiments compared with the controls were considered 'upregulated'. The list of genes with upregulated expression patterns was then cross-referenced with the three major categories of protein inhibitors, and the results are reported in Supplementary Table 3 . All statistical analysis steps were performed using extensions of the Connection Up-and Down-Regulation Expression Analysis of Microarrays (CU-DREAM) program. 22 The P-values of selected GSEs were compared with P-values using one-way analyses of variance (ANOVA).
Results
In this study, each experimental group was statistically analyzed, and the resulting list of significantly upregulated genes was cross-referenced with the three categories of protein inhibitor targets presented in Supplementary Tables 2.1-2.3 ( Figure 1 Table 4 ). We also compared P-values of GSE10927, GSE14922, GSE31671 with P-values using one-way ANOVA. The values of correlation coefficient (r) were 0.973, 0.999, and 0.999, respectively.
The correlation between bioinformatics data and current treatments
We classified our results based on whether the cancer has a known FDA-approved targeted agent ( Figure 2 ). We found that 57 out of our 78 experimental groups (73%) represent 32 types of cancer with known FDA-approved targeted therapies. Thirty-three out of these 57 groups (58%) have upregulated gene expression that is well correlated with the indicated targeted treatment agent(s). This group of cancers is shown in Table 1 , along with their indicated targeted therapies.
In addition, 24 of the 57 experimental groups (42%) with known FDA-approved targeted drug treatments do not overexpress the gene that corresponds to the indicated targeted treatment agent. However, all of these experimental groups overexpress at least one gene that is the target of another FDA-approved targeted treatment agent (Table 2) .
Our GSE records also included 21 experimental groups representing 16 types of cancer with no FDA-approved targeted therapies. Surprisingly, every experimental group was found to overexpress genes that are targets of other FDA-approved agents (Table 3) .
Protein inhibitors for novel targeted anticancer therapies
There is significant upregulation of gene expression for protein inhibitor targets other than oncogenes in many of the experimental groups. We had accumulated the frequency of each upregulated protein inhibitor target of 'FDA-approved nonantineoplastic drugs' and 'non-FDA-approved chemical agents' among the 78 experimental groups. Figure 1 The overall methodological framework of this study. Notes: First, 51 GSE records (2,141 expression microarrays) were collected for different types of cancer, and the templates for 78 experimental groups were prepared for analysis using the CU-DREAM program. We then obtained 597 protein inhibitors from various databases and classified them into three categories: 'FDA-approved antineoplastic drugs', 'FDA-approved nonantineoplastic drugs', and 'non-FDA-approved chemical agents'. The program then analyzed each experimental group to identify genes of which the expression was upregulated in cancer compared with normal cells. Subsequently, the upregulated genes were cross-referenced with the three protein inhibitor lists and were sorted into three categories. Abbreviations: CU-DrEAM, Connection Up-and Down-regulation Expression Analysis of Microarrays; FDA, US Food and Drug Administration; GSE, Gene Expression Omnibus series.
groups/16 cancer types
with NO FDA-approved targeted agents ( Table 4 ranks the frequency of the top 30 upregulated genes that are targets of 'FDA-approved nonantineoplastic drugs'. We further categorized this group into 'immunomodulatory' or 'nonimmunomodulatory' drug targets. Moreover, Table 5 shows the frequency of the top 20 upregulated genes corresponding to targets of 'non-FDA-approved chemical agents'.
Discussion
Our comprehensive analysis of expression array data is a useful approach to confirm the connection between bioinformatics data and current treatments. Our results showed that 33 out of 57 experimental groups (58%) overexpress the gene(s) that correspond to the clinical treatments indicated for these cancers. In the current setting, targeted anticancer therapy would be prescribed to these patients.
The data also illustrate the limited availability of targeted therapies for many types of cancer. The majority of experimental groups (45/78, or 58%) do not overexpress the gene that is the target of the FDA-approved drug for the corresponding cancer or do not have any FDA-approved targeted treatment agents. Twenty-four of the 57 experimental groups (42%) with known FDA-approved drugs do not overexpress the gene that is the target of their indicated agents (Figure 2 ). This result could be hypothesized by several mechanisms. For a gene product to be a therapeutic target, it is not necessary for it to be overexpressed. For example, epidermal growth factor receptor (EGFR), the tyrosine kinase in lung cancer may be expressed at a regular level, but mutation might cause it to over function. 23 However, EGFR protein expression was significantly correlated with EGFR mutation and copy number. 23 This result also supports the increasing concern of tumor heterogeneity among patient genotypes and within cancer clones (intratumoral heterogeneity). 2, 24 Thus, patients with these types of cancers cannot currently receive antineoplastic target therapy. However, one or more targets of other FDA-approved anticancer-targeted treatment agents are upregulated in all experimental groups. All of the 24 experimental groups (100%) overexpress at least one gene that is associated with an FDA-approved targeted anticancer drug (Table 2 ). We recommend that animal studies and in vitro studies with human tissue should be performed to test the possible future use as targeted therapies of these drugs. Synergism is sometimes suggested as a developmental strategy, especially because recent concepts in targeted therapies target multiple ligands. 25, 26 The analysis of targeted first-line cancer treatments by considering common gene pairs or triplets may be necessary.
In addition, it is interesting that all 21 of the experimental groups (100%) consisting of cancer types for which there is currently no FDA-approved targeted therapy overexpress genes that are targeted in FDA-approved anticancer-targeted therapies ( Table 3 ). The efficacy of the suggested targeted therapies should also be tested in these types of cancer.
Our data also highlight several groups of promising protein inhibitors for future targeted anticancer therapy. The first group consists of targeted inhibitors that have been approved by the FDA for the treatment of nonneoplastic diseases. Some 'nonimmunomodulatory' drugs in this group, such as inhibitors of COX2, HMGCR, dipeptidyl peptidase 4 (DPP4), 5-lipoxygenase (ALOX5), and histamine receptor H1 (HRH1), have been widely used to treat nonneoplastic diseases such as allergies, dyslipidemia, submit your manuscript | www.dovepress.com diabetes mellitus, and musculoskeletal pain (Table 4) . Thus, the potential anticancer mechanisms of these drugs will be very interesting to investigate. This is also known as 'drug repurposing'. A significant advantage of drug repurposing over conventional drug development is these drugs have already passed a number of toxicity trials where the majority of drugs were disqualified during their development. [27] [28] [29] [30] If any of these drugs are proven to have anticancer properties, these agents may be very useful as novel targeted treatments.
Dovepress
One good example is HMGCR inhibitors. HMGCR is one of the top 20 most frequently upregulated genes in the experimental groups analyzed herein ( Table 4 ). The prototypical HMGCR inhibitor is simvastatin, which was originally developed as a cholesterol-lowering agent and is among the most therapeutically effective and financially successful pharmaceuticals ever created. 15 Our data showed that HMGCR is upregulated in nine types of cancer: acute myeloid leukemia (AML), Ewing sarcoma, soft tissue sarcoma, bladder cancer, breast cancer, hepatocellular carcinoma, nasopharyngeal carcinoma, ovarian cancer, and pancreatic cancer (Supplementary Table 3 ). Consistent with these data, statins have been reported to have antiproliferative effects on AML, multiple myeloma, breast cancer, prostate cancer, colorectal cancer, lung cancer, pancreatic cancer, ovarian cancer, cervical cancer, and head and neck cancer. [31] [32] [33] [34] Currently, there are ongoing efforts to demonstrate the significance of the HMGCR or mevalonate pathways in carcinogenesis. 35 There have also been several clinical trials combining statins with other conventional chemotherapeutic regimens, the results of which are very promising. 15, [36] [37] [38] [39] It is hoped that statins might be the pioneering example of FDA-approved drugs for nonneoplastic diseases that also have anticancer potential.
Our studies have revealed that other targets of widely used FDA-approved nonantineoplastic therapies, such as COX2, DPP4, ALOX5, and HRH1, are overexpressed in many types of cancer; however, information about the anticancer properties of these agents is still very limited. Several studies have demonstrated the chemopreventive effects of ALOX5 and COX2 inhibitors, but most of these studies have been descriptive and lack a molecular underpinning. [40] [41] [42] [43] [44] [45] [46] A meta-analysis and multiple randomized controlled trials have shown that selective COX2 inhibitors can reduce the risk of colorectal adenomas and colorectal cancer. 13, 14, 47, 48 This is consistent with our data where COX2 is overexpressed in three out of five (60%) experimental groups of colorectal cancer (Supplementary cells experience unique cellular stresses compared with normal cells, the cancer cells must develop tolerance mechanisms through stress support pathways to survive and proliferate in their unusual environments. 49 Alterations in cancer cell metabolism may enable cancer cells to achieve their principle distinguishing features. 50 Therefore, metabolic reprogramming is considered to be a vulnerability of cancer cells, and targeting this pathway using 'FDA-approved nonantineoplastic drugs' may be a potential cancer treatment. Nevertheless, it is possible that some of the overexpressed gene expressions in cancer are the effect of the tumor-driving target and not the principal target itself. We therefore suggest that the roles of these protein inhibitors in oncogenesis be thoroughly studied and determine what signaling pathways, rather than individual genes, are altered in tumors to investigate their potential as antineoplastic treatments. We believe that clinical trials combining these drugs with first-line anticancer treatments in patients diagnosed with cancer are warranted.
In addition, Table 4 also shows that an 'immunomodulatory' agent target, phosphoribosylpyrophosphate amidotransferase (PPAT), results in the highest frequency of upregulated gene expression among all 'FDA-approved nonantineoplastic drugs'. Surprisingly, many researchers have reported that the prolonged use of PPAT inhibitors, such as azathioprine, can increase the risk of cancer because it chronically suppresses the function of the immune system. 51, 52 Therefore, a safety assessment prior to the initiation of clinical trials must be required for this category of research to ensure that the potential antineoplastic benefits outweigh the potential side effects.
Furthermore, another group of potential anticancer treatments consisted of the 'non-FDA-approved chemical agents'. As shown in Table 5 , the target with the highest fresubmit your manuscript | www.dovepress.com Abbreviation: n, number of tests.
quency of upregulated gene expression is cyclin-dependent kinase 1 (CDK1). This result is in accordance with research suggesting that CDKs are very promising targets for antineoplastic treatment. Many clinical trials are ongoing to prove the efficacy of CDK inhibitors, such as seliciclib and flavopiridol. [53] [54] [55] [56] Nevertheless, information regarding the tumorigenicity of many other targets of 'non-FDAapproved chemical agents' is still limited. We believe that this group of chemical agents is an excellent candidate for future anticancer research and treatments; however, more mechanistic studies will be required to demonstrate the relationship between the upregulation of these genes and carcinogenesis, and the safety of the inhibitors of these proteins must be assessed.
In this study, we are concerned that some RNA expressions might not positively correlate with the protein expressions as in the central dogma of molecular biology. Various posttranscriptional processes can alter protein expressions. For instance, some mRNAs are strongly preserved within the nucleus, which means that their expression levels will be overestimated relative to protein levels. 57 Therefore, it would be useful to apply the knowledge from this study into the next layer of bioinformatics data analysis such as proteomics.
A limitation of this research is that the application of molecular evidence from bioinformatics data may not be sufficient to predict the efficacy of the promising targeted agents or protein inhibitors. Nevertheless, there have been suggestions that appropriately designed clinical trials will provide adequate information to health care providers and patients to make informed clinical decisions. 21 However, because large clinical trials are difficult to establish because of the rarity of many types of specific cancer, cancer centers worldwide should collaborate to conduct prospective multicenter proofof-principle trials. If the outcomes are promising, accelerated approval of these drugs can be highly encouraged. Abbreviation: n, number of tests.
Conclusion
There is a strong correlation between the bioinformatics data and current treatments, but many types of cancer still lack FDA-approved targeted therapies. Therefore, it may be reasonable to use targeted treatment agents that are FDA-approved for the treatment of other cancers that overexpress the same target genes. In addition, our study highlights several protein inhibitors that may have potential as targeted anticancer drugs. Further studies should elucidate the comprehensive mechanistic pathways of these novel antineoplastic agents. It will be worth investigating whether in vitro chemical agents and drugs that have been approved for use in the treatment of nonneoplastic diseases have significant effects in oncogenesis.
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Supplementary tables
All supplementary tables are available at http://pioneer.netserv. chula.ac.th/~achatcha/supp/supporting_tables_2013.zip Table S1 GEO accession and platform numbers, organs and cancer types, GEO sample numbers (GSMs), and specimen sources for each of the 78 experimental groups. Table S2 List of 'FDA-approved antineoplastic drugs', of 'FDA-approved nonantineoplastic drugs', and 'non-FDAapproved chemical agents'. 
